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Membrane distillation (MD) is a newer technology that is being investigated for 
applications such as seawater desalination and concentration of fruit and sucrose 
solutions.  The major advantage of MD over traditional thermal distillation is that it 
requires a substantially lower thermal energy requirement to power the process.  This 
allows low grade energy sources such as waste heat or solar energy to be used with MD.  
Compared to concentration processes such as reversed osmosis or ion-exchange, MD 
does not require specialized equipment, high electrical consumption, the use of strong 
acids and bases nor does it generate hazardous waste as a by-product.   
In membrane distillation, a heated solution is passed through the lumen of a 
hollow fiber porous hydrophobic membrane.  The vapor pressure differential between the 
cool and hot side of the membrane allows the vapor to pass across the pores but prevents 
passage of the liquid phase.  Unlike pervaporation, which also relies on differential vapor 
pressure, MD also involves the transfer of a significant amount of heat across the 
membrane.  MD processes to date have demonstrated several inefficiencies that cause it 
to be a relatively low yield process.  These inefficiencies include conductive heat loss 
through the membrane material, temperature polarization at the bulk feed-membrane 
interface,  pore wetting and effective use of available membrane surface area.   
In this investigation, traditional membrane distillation was compared to 
membrane distillation using the same starting membrane material but which had carbon 
nanotubes (CNTs) incorporated into the membrane pores.  The modified membrane is 
referred to as carbon nanotube immobilized membrane (CNIM).  It was demonstrated 
that several properties of CNTs aided in improving the performance of MD.  These 
include high thermal conductance, rapid sorption-desorption ability, ability to transport 
water in a rapid ordered manner and hydrophobic characteristics.   
Experiments were conducted where MD was used as a preconcentration technique 
to analyze trace quantities of drug substance in water.  CNIM provided much higher 
levels of enrichment for the analytes of interest than did preconcentration using the plain 
membrane.  Another set of experiments was then successfully conducted that 
demonstrated that CNIM-MD was applicable to the preconcentration of drug products in 
a polar solvent.  Desalination experiments were completed that showed that CNIM 
provided significantly higher levels of salt reduction and flux at a lower energy 
requirement than did the standard membrane.  Finally, MD-CNIM was investigated as a 
means to remove or concentrate trace levels of inorganic impurities from an aqueous 
matrix.  
Overall, it was demonstrated that MD using CNIM provided a more efficient 
process with significantly higher solvent reduction and levels of enrichment than did MD 
using plain membranes.     
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Analyte Compound in a matrix to be analyzed. 
 
Concentrate Remaining solvent that has not passed through 
a membrane pore and contains all the solvent 
impurities.   
 
Deionization Process to remove ionic impurities from a 
solvent. 
 
Desalination Process to remove salt from brackish or 
seawater. 
 
Ion exchange A chemical process by which ions are 
removed from solution and exchanged for an 
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Permeate Purified solvent that has passed across a 
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area of high salinity to an area of lower 
salinity. 
 















1.1 Membrane Extraction 
 
The use of membrane technology to remove or concentrate materials has developed 
rapidly over the past several decades.  Commercial applications where membranes are 
commonly used include reverse osmosis for the deionization of water, ultrafiltration for 
the concentration of proteins in biotechnology and dialysis for the purification of blood.  
In all membrane extraction (ME) techniques, the membrane serves as a barrier between 
two phases and the membrane also controls the rate of transfer between these.1  This 
action allows the enrichment of materials of interest, or conversely in a purification 
process it provides a means to remove unwanted materials.  In ME, molecules move 
through membranes by the process of diffusion.  Depending on the membrane type and 
process, movement across the membrane is driven by gradients on either side of the 
membrane.  These include concentration (ΔC), pressure (ΔP) or electrical potential (ΔE) 
gradients. The process is demonstrated in Figure 1.   
  Diffusion across a membrane can be described by Fick's law where: 
 
     J= -D dc/dx                                            (1.1) 
 
where J is the rate of flux, D is the diffusion coefficient and dc/dx is the concentration 
gradient.  However there are membrane factors that affect the rate of diffusion such as 




     J= D(cis-cil)/L                         
(1.2) 
e concentration of i 
in the membrane lumen and L is the thickness of the membrane wall. 
Figure 1.1 Schematic representation of permeation across a membrane.  Pressure,       
re or concentration are examples of gradients that provide the driving force.   
  
 
high gradient potential on either side of the membrane.  A membrane's diffusion 
 

















Area of high gradient (P, T, C, etc.) Area of low gradient (P, T, C, etc.)
 
      temperatu
    
  Flux can be increased by the reducing membrane thickness and ensuring there is a 
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coefficient is also affected by temperature, for liquids, this can be described by the 
Stokes-Einstein equation: 
 
     D= kT/nπaη            (1.3) 
 
where k is Boltzmann’s constant, a is the radius of solute and η is the solution viscosity. 
D increases as temperature rises resulting in a higher flux.  Another factor to consider is 
the partition coefficient, K, where:  
 
     K= cm/cw                                                               (1.4) 
 
Here cm is the analyte concentration in the membrane and cw is the analyte concentration 
in feed solution.  It is important to note that K decreases with temperature, while D 
increases under the same conditions.  Therefore, increasing temperature does not always 
result in increased flux rate.  An optimum temperature must be determined where the flux 
is greatest.  
 
1.2  Analytical Membrane Extraction 
 
Recently, membranes have been investigated as a sample preparation technique in 
analytical chemistry applications.  The membrane can perform several sample 
preparation functions such as sample cleanup, extraction and concentration.2  The interest 
in membranes is in large part due to their ability to enable extraction without the mixing 
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of two phases which in turn eliminates problems including emulsion formation and high 
solvent usage.3 
The two primary membrane approaches in analytical separations are Supported 
Liquid Membrane Extraction (SLME) and Liquid-Liquid Membrane Extraction (LLME).  
These two techniques are used for analysis of a variety of materials including SVOCs, 
ionic compounds and metals. 
The enrichment factor (EF) and extraction efficiency (EE) are two of the 
parameters that can be used to evaluate the effectiveness of an extraction.  EF is defined 
as the ratio of analyte concentration in the extract to that in the initial donor:  
 
EF = Ca/Cd                     (1.5) 
 
where Ca and Cd represent the analyte concentration in the acceptor after extraction and 




















EE         (1.6) 
 
where ma and md represent the total mass of the analyte in the acceptor and donor 
respectively and Vd and Va are the volumes of the donor and extract.  
In LLME, the analyte is extracted from an aqueous solution into an organic phase, 
so this is considered a two-phase organic-aqueous system. This technique is analogous to 
traditional liquid-liquid extraction but here the phases are separated by a membrane, and 
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are only in contact at the membrane pores.  The overall efficiency of an LLME system 
will largely be dependent on the partition coefficient, Kp: 
 
Kp = Co/Cw                                                                             (1.7) 
 
where Co and Cw represent the equilibrium analyte concentration in the organic and 
aqueous phases respectively. 
With LLME, the extractant should have low solubility in the aqueous phase and 
also have low volatility.  The enrichment factor for polar organic compounds is typically 
higher than for non-polar and charged compounds. This is due to the fact the solubility of 
these types of compounds tends to be higher in the aqueous phase.  With this application, 
the enrichment is driven by the concentration gradient of the analyte but is limited by the 
partition coefficient. This means that where the acceptor is stagnant, the more highly 
hydrophobic analytes will have increased efficiency because of the driving force to reach 
equilibrium. Therefore, enrichment and EE increase as the acceptor mobility increases. 
When a liquid is immobilized in the pores of a porous material, via capillary 
action, the liquid can serve as a membrane, while the membrane itself functions only as a 
support. 4, 5  This is referred to as supported liquid membrane extraction (SLME) and can 
be prepared simply by immersing a porous membrane in the supporting solvent.  To 
enhance the selectivity of the liquid membrane, a carrier molecule with a high affinity for 
the analyte is used.  SLME is suitable for polar and ionic compounds such as organic 
acids, bases and metals.  SLME is a three phase system where there is an organic phase 
between two aqueous phases.  For example, in the analysis of acids, the pH of the donor 
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solution must be such that the compounds are in their neutral or uncharged forms, this 
allows them to enter the membrane.  The pH of the acceptor is maintained such that once 
in the membrane, the analytes are extracted into the acceptor in a charged form and 
cannot be back-extracted into the donor.  The pH gradient provides the driving force and 
this technique usually results in high enrichment factors.  SLME offers distinct 
advantages such as high selectivity, donor/acceptor ratio and extraction efficiency when 
compared to LLME.  
 
1.3  On-line Concentration 
 
For trace analysis, once the analytes have been extracted into a solvent, a concentration 
step is generally necessary.  While there has been much attention placed on on-line 
extraction techniques, a significant development in on-line concentration procedures has 
not yet occurred. With the push to develop totally automated systems, concentration 
procedures will need to be integrated.   
Conventional analysis involves several steps: sampling at the site, transport to a 
laboratory, sample preparation and then analysis.  The whole process takes place in 
separate steps at different times and places.  The analysis is not on-site or on-line and 
takes a significant amount of time.  Meanwhile, analytes are subject to evaporation, 
degradation, cross-contamination, etc. which can introduce errors into the analytical 
results.  All these steps all require manual labor.  The high costs of these techniques limit 
the number of samples that can be evaluated.  Further, the delay between sampling and 
completed analysis compromises the capacity of immediate response in case of an 
emergency. 
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Sample preparation is a key step in the overall analytical process.  The gap 
between sampling and analysis is partly due to the need for sample preparation.  In many 
applications, the analyte concentration can be very low.  The function of sample 
preparation is to convert the analytes into a high enough concentration so analysis can be 
completed.  It is often necessary to increase the analyte concentration in order to lower 
the method detection limit.  This is known as concentration or enrichment.  It is also 
desirable that sample enrichment be directly coupled with an instrument so the analysis 
can be automated on-line and in real-time.  
Current analytical concentration methods include techniques such as liquid-liquid 
solvent extraction (LLE), co-extraction, coprecipitation, electrolytic, sorption, gas 
purging and evaporative techniques such as Kuderna-Danish evaporative concentrators.  
All are widely used, but there are disadvantages with them.  First, they are relatively 
complex requiring multiple steps, use of elutants or specialized equipment, and personnel 
using these require a significant level of training and expertise.  Second, all the 
concentration techniques require sampling, transportation and then sample preparation in 
a laboratory.  They are not capable of real-time applications so their utility is limited in 
that analytical results are from past events, they can not be used for online monitoring 
and control. 
In contrast, an on-line membrane concentration technique could be used to sample 
a process stream allowing concentration in real-time and subsequent feed of the treated 
sample to in-line analytical instruments (e.g., HPLC, UV-VIS, MS, etc.).  On-line 
concentration of a sample would also eliminate variables such as operator error, 
contamination, evaporation and degradation of labile samples.  In general, on-line 
 8
methods reduce sample handling and hence the probability of analytical errors and 
sample loss.  
Membrane separation has been interfaced with mass spectrometers in a technique 
referred to as membrane introduction mass spectrometry (MIMS). In this configuration 
the sample is constantly introduced to the membrane and the permeate is pulled by 
vacuum into the ion source. Various membrane media has been investigated for use in 
environmental analyses 6-8 for semi-volatile compounds.  Membranes have also been used 
in the food industry for real-time monitoring of bio-reductions by bakers yeast 9, and for 
concentrating ο-nitrotoluene and methyl salicylate in air.10  
Another on-line version of membrane concentration is gas injection membrane 
extraction (GIME).  This involves the introduction of an aqueous sample by a N2 stream 
which injects the sample into the membrane. The membrane serves as a selective barrier 
through which organic analytes permeate. On the permeate side, a counter-current gas 
stream strips the organics and transports them to a microtrap.  The retained VOCs are 
desorbed from the microtrap by an electrically generated temperature pulse. Rapid 
heating generates a concentration pulse which serves as an injection for chromatographic 
separation.11 Continuous monitoring is achieved by making a series of pulses (or 
injections) and a chromatogram corresponding to each pulse is obtained.12,13 The 
advantage of gas injection is the gas cleans the membrane and destroys the boundary 
layer on its surface.  This method is also simpler in terms of instrumentation and 
operational procedures.14  
SVOCs refer to compounds that are not readily volatilized and include 
compounds such as PAHs, PCBs, biomolecules, acids, phenols and pesticides. Both 
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SLME and LLME techniques can be applied to these compounds.15-26 Methods that have 
been successfully developed integrating these techniques include online analysis of 
nonpolar and polar SVOCs, and automated HF-protected dynamic liquid phase 
microextraction (LPME).  
On-line LLME is basically an automated liquid-liquid extraction across a 
membrane, which allows faster sample throughput, less sample handling and continuous 
monitoring of non-polar analytes. Online LLME has been demonstrated to effectively 
monitor the concentration of different SVOCs in water with the time between injections 
limited by the separation time. 
With on-line LLME, the extractant may be static or flowing.27  Automated On-
line LLME has been reported for PCB determination28 , herbicides in milk 29, and 
anesthetics in blood 30 among other applications.31-33 On-line LLME could be further 
improved by simultaneous concentration. It has been34 demonstrated that further 
enrichment was possible by selectively eliminating some of the extractant.  It was found 
that solvent loss was maximum for water soluble solvents such as methanol, acetonitrile 
and isopropyl alcohol.  The enrichment factor was directly related to solvent loss. This 
was an effective, yet simple technique for combining extraction and concentration in the 
same step.   
 
1.4  Pervaporation 
 
Pervaporation is an alternative to processes such as distillation and evaporation due to its 
low energy requirements.  Pervaporation is a clean technology, particularly when used for 
the treatment of volatile organic compounds. With pervaporation, the separation is not 
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based on relative volatilities (as with thermal processes), but rather is based on the 
relative rates of permeation through a membrane.  Pervaporation then is a combination of 
evaporation and gas diffusion in a single module.35  A typical pervaporation system 
consists of a suitable membrane in a module, a delivery system for liquid feed, and a 
vacuum or a sweeping gas on the permeate side.  This type of apparatus has been used in 
a wide range application including the analysis of various organic pollutants 36-39 and 
inorganic compounds,40-43 and has been directly interfaced with gas chromatography 
(GC), spectrophotometry, capillary electrophoresis (CE), liquid chromatography (LC) 
and mass spectrometry (MS).44-47  In the pharmaceutical arena, this technique has been 
reported as being used in the preparation of a variety of materials such as tablets and 
toothpaste.48-50  Pervaporation has also been reported to have been used in a variety of 
food preparation analysis, including liquid, slurries, and solid matrices. 51-55   
Pervaporation involves both permeation and evaporation, and it is based on the 
selective separation of a feed liquid.  Removal of the analytes from the sample is 
accomplished by a partial pressure differential created on the feed and permeate sides of 
the membrane. Separation in pervaporation is a function of the rate of permeation of a 
solvent across the membrane. The sample flows on one side, while the vacuum or 
sweeping gas is applied on the other side. The process is demonstrated in Figure 1.2. 
With this technique, both the feed and permeate solutions can flow continuously which 
leads potentially to the development of real-time monitoring techniques.  
Solution-diffusion is generally the accepted mechanism in pervaporation for mass 
transport through non-porous membranes.56 The permeation through the membrane 
consists of the following steps:57 
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(1) Diffusion through the liquid boundary-layer on the membrane feed side. 
(2) Selective partitioning of molecules into the membrane. 
(3) Diffusion across the membrane under a concentration gradient. 
(4) Desorption into the vapor phase on the permeate side. 



















Direction of water flow
Cw1
Gas boundary layer









Figure 1.2 Concentration profile in a pervaporation process, where Cw, Cm and 
Cg refer respectively to the analyte concentration in the aqueous, membrane and 
gas phases. 
 
These processes are the governing factors that control the mass transport across a 
membrane in a pervaporation process.  The separation is due to the differences in the 
partitioning coefficient, diffusitivity, and vaporization of the donor components. Flux 
through a pervaporation membrane is determined in terms of the partial pressure 
difference across the two sides of the membrane: 
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         (1.8) 
 
where  is the flux for component ,  is the membrane thickness,  is the gas 
separation permeability coefficient,  is the partial pressure on the donor side, and  






In a pervaporative process, the vapor pressure difference is maintained by either 
maintaining partial vacuum  or using a sweep gas on the permeate side of the membrane. 
The other important parameter in pervaporation is the selectivity which can be 
represented by the separation factor ( ) and the enrichment factor ( ). The separation 
factor of a membrane for species  and can is defined as: a b
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The enrichment factor is used as an indication of the separation selectivity for 
component : a









       (1.10) 
 
where and are the concentration of  and in vapor ( ) and liquid ( ) phase, 
respectively. 
aC bC a b v L
With pervaporation, the operational variables are critical for controlling the 
process.58  A change in the feed concentration will impact the sorption at the liquid-
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membrane interface and will also affect permeation characteristics.  Pressure at the feed 
and permeate sides is also an important characteristic. 
Temperature has a major influence in the pervaporation process by affecting the 
analyte transport process and by altering the driving force for mass transfer. An 
Arrhenius-type relationship has been used to describe the effect of temperature on flux as 
follows:59, 60 
 
    )exp(0 RT
E
JJ a       (1.11) 
 
where  is a constant, is the activation energy, 0J aE R  is the universal gas constant, and 
T  is the absolute temperature.  
A membrane based, on-line concentration technique using pevaporation has been 
developed.61,62  With this technique selective solvent permeation leads to analyte 
preconcentration.  The dilute solution flows into a shell and tube module, and an inert gas 
flows on the permeate side.  The membrane preferentially allows migration of the solvent 
across the membrane and a more concentrated solution remains in the lumen.  This was 
shown to be applicable to both polar and non-polar membranes for analytes such as, 
atrazine, pentachlorophenol, naphthalene and biphenyl.  The instrumentation for analysis 
can be automated to concentrate either multiple samples or interfaced with 
chromatography.  
Solvents tested using this process were hexane and methanol and the choice of the 
membrane used depended on whether the solvent was polar or non-polar.  The 
combination of hexane and a nonpolar composite membrane (polypropylene with a thin 
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layer of siloxane) provide enrichment factors close to 20 in less than 30 seconds.  
Equivalent concentration in a rotary evaporator would take hours.  A Nafion™ membrane 
was used for polar solvents such as methanol and the concentration time was similar.    
On-line coupling of pervaporation to HPLC was applied to the continuous 
monitoring of trace pharmaceuticals in a process stream.  A Nafion hollow fiber 
membrane module was used for monitoring 2,6-dichlorophenylacetic acid (DCPA), 
naphthylacetonitrile(NA), 4-chloro-3-nitrobenzophenone (CNBP), 1,2-diphenylhydrazine 
(DPH) and 2-chloro-3,4-dihydroxyacetophenone (CDHAP) in methanol.  Analysis and 
detection was via HPLC-UV and enrichment factors as high as 7.9 with 91% solvent 
reduction were observed.  The advantage of this approach is that it can provide fast (30-
60 seconds) preconcentration of discrete samples for off-line analysis, and can also be 
performed on-line for continuous monitoring.  
 
1.5  Membrane Distillation 
 
Membrane distillation (MD) is a thermal evaporative process that offers advantages over 
traditional distillation.63  MD can be operated at a lower operating pressure and lower 
temperatures than the boiling point of the feed solutions, requires lower vapor space, is 
unlimited by fouling and high osmotic pressure, permits a very high separation factor for 
non-volatile solutes has the potential for producing high-purity water or for concentrating 
aqueous solutions and can be used with any type of low grade heat or it can be coupled 
with a solar energy system.  This makes it attractive for the production of potable water 
from brackish water in arid zones. 
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Membrane distillation is a technique that has undergone much investigation for 
both water desalination and industrial concentration applications.  The interest in MD is 
due primarily to its low energy requirements.64  While being a true thermal evaporative 
process, MD only requires relatively low temperatures (50-100ºC) to be effective.  In 
comparison to this, traditional distillation processes operate well in excess of 100ºC.  
Because of this lower energy requirement, MD can potentially be operated effectively 
using low grade heat sources that has previously been generated for other processes.65,66  
In essence, MD can operate as a “zero-cost” energy technology and it will not contribute 
to global warming because no additional fossil fuels are consumed in generating heat.   
Traditional evaporative techniques all have much higher direct energy 
requirements than does MD.  For example, a very simple still would require 80,000 
calories of energy to heat 1 liter of water from 20 to 100ºC.67  Since MD can use heat 
already generated from other sources, this energy consumption would be avoided.  
Mechanical water purification processes such as reverse osmosis and electrodeionization 
have substantial electrical power requirements which are not required by MD.  Chemical 
water purification processes such as ion-exchange have a high chemical energy 
requirement (for regeneration chemicals) and produce large volumes of chemical waste.  
MD does not need any regenerant chemicals and so would not produce the waste 
associated with these.    
Membrane distillation has been known for many years, but its commercial 
implementation has been hampered by low water fluxes and the need for low cost heat 
sources.  With greater emphasis being placed on energy efficiency, MD coupled with 
waste heat or solar energy to drive the process is being reconsidered.  In particular, the 
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use of MD to treat brine concentrates (seawater) is receiving attention for its benefits of 
increased water recovery and lower brine discharges.  While there is great potential for 
MD as an environmentally friendly process, it still requires many technological 
improvements to make it a useful and reliable commercial process, instead of being 
solely an investigative technique.  The primary problem with MD is that it is a relatively 
low yield process.  To overcome this, engineering solutions such as making more porous 
membrane materials have been researched, which has the disadvantage of making 
membranes more fragile.  Another possible solution is to pack more membrane material 
into the same size space; however this requires special machinery and handling to 
achieve.  Further, there are physical limits to the amount of membrane material that be 
contained in a defined space.68-73 
Applications of MD to date have primarily been limited to desalination of 
seawater 74-83 and uses with removing water from natural food solutions (sugars, fruit and 
vegetable juices).84-92  With all of these, there are fairly high levels of the material to be 
concentrated. For example, seawater averages a total dissolved solids content of about 
34,000 mg L-1.93  Sugar syrups and fruit/vegetable juices typically have starting 
concentrations of 2-5% (20,000 to 50,000 mg L-1).  With these, MD has been shown to be 
effective in removing water from the concentrated solution.  In the case of desalination, 
the permeated water is the final product, while for syrups and juice solutions the 
concentrated feed solution is the end product. 
While pervaporation has been shown to be an effective analytical 
preconcentration technique for organic solvents, no work has been developed to date that 
would allow real time on-line preconcentration in aqueous streams.  There are existing 
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evaporative techniques that can be used for the analytical concentration of aqueous 
samples, examples include Kuderna-Danish (K-D) condensers and nitrogen blowing.  
However, these are laboratory techniques only and are not amenable for field or on-line 
use. 
In contrast, a technique such as MD could be used to sample a process stream 
allowing concentration in real-time and subsequent feed of the treated sample to in-line 
analytical instruments (e.g. HPLC, UV-VIS, MS, etc.).  MD involves the simple removal 
of the solvent from the sample stream, there are no other manipulations as required with 
the other techniques.  This simplifies the sampling preparation process and eliminates 
potential variability due to analyst error.  If a sample stream is heated to any degree, the 
sample aliquot has to be reduced to ambient temperature for traditional concentration 
techniques.  Contrasting this, a heated process stream is ideal for concentration by MD 
because the latent heat in the sample is used to power the process, and the resulting 
concentrated sample is at ambient temperature.     
The principle of separation in MD is based on the difference in volatility of each 
substance and vapor pressure is the driving force of the process.  In MD, a hydrophobic 
porous membrane is employed as a barrier separating heated feed and cold permeate 
streams.  As a heated solution passes through the lumen of a hydrophobic fiber 
membrane, it is partially transformed to water vapor.94 
Due to the hydrophobicity of the membrane, the aqueous solutions cannot enter 
the pores and a liquid-vapor interface is formed in each pore end.  The hydrophobic 
nature of the membrane prevents the passage of the liquid phase; however, the vapor 
passes through the pores and is condensed on the permeate side of the membrane.  The 
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volatile component (usually water) vaporizes at the feed interface, diffuses through the 
membrane's pores to the permeate interface and is then condensed into the permeate 
stream.   
In MD processes, the penetration of liquid into the membrane's pores must be 
avoided, as this causes the pore to lose its hydrophobic capacity.  As long as the feed 
pressure is kept low enough, a critical threshold known as the breakthrough pressure is 
not reached.  The LaPlace equation describes the relation between pore size and the 
breakthrough pressure: 
 





          (1.12) 
 
where y is the interfacial tension, O is a geometric factor related to the pore structure, and 
Ө is the liquid solid contact angle.  This angle increases with increasing polarity 
difference between the polymeric membrane and the liquid.  For hydrophobic 
membranes, the contact angle is greater than 90º. 
The water transport involves evaporation into the bulk solution with higher water 
activity, followed by vapor transport in the gas phase and then condensation in the 
solution with the lower water activity.  The water flux is proportional to the water vapor 
pressure difference across the membrane controlled by the water vapor activity difference 
:95  
 
                                   )21( wwmpw ppkJ        (1.13) 
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where kmp is the membrane mass transfer coefficient.  As mass transfer proceeds a 
boundary layer is formed on each side of the membrane.  The water activity difference 
between both membrane interfaces is lower than the bulk feed resulting in the reduction 
of the driving force.  The flux in the boundary layers can be related to the mass transfer 
coefficients k1 and k2 by: 
 
)()( 222111 aakaakJ mmw          1.14 
 
where ai is the bulk water activity and ami is the water activity at the membrane interface.  
A schematic representation of the water activity profile for MD is shown in Figure 1.3. 
MD is similar to pervaporation 96, 97 in that the driving force is determined by a 
vapor pressure difference on either side of the membrane, however in MD there is also a 
simultaneous heat transfer involved.  Typically, MD is depicted as having a liquid-vapor 
interface forming at the entrance to the membrane’s pores where the feed stream 
vaporizes.  Inside the pores, only a gaseous phase is present and as long as a pressure 
gradient is maintained, the vapor will be transported.  Since the bulk feed solution has a 
higher temperature than does the permeate, this vapor pressure difference is maintained.  


































Figure 1.3 Water activity profile in membrane distillation. 
 
 
While water flows on one side of the membrane, a stagnant layer is formed 
between it and the membrane.  The overall mass transfer resistance is the sum of the mass 
transfer coefficients of the aqueous boundary layers on either side of the membrane, the 
membrane pore's resistance and the gaseous boundary layer on the permeate side.  In 
analytical applications where thin membranes are used, mass transfer through the 
aqueous boundary layer is the rate limiting step.   
Since MD is a thermally driven process, both heat and mass transport are involved 
simultaneously, and heat transfer is often the rate limiting step.  There are two important 
mechanisms responsible for the heat transfer across the membrane.  The first is 
conduction through the membrane material and the vapor within the membrane pore, and 

































Figure 1.4 Representation of membrane distillation, vapor flows from an area of higher  
vapor pressure to an area of lower vapor pressure across a hydrophobic membrane.   
 
Since there is no flux induced by the conduction of heat across the membrane, it is 
considered as a heat loss in the process that lowers the overall efficiency.  Conductive 
heat loss through the membrane can rarely be controlled because of the trade off between 
a thick membrane for better heat insulation and a thin membrane for reduced mass flow 
resistance.  Heat transfer can be considered in three steps.  The first is convective heat 
transfer from the heated solution across the boundary layer to the membrane surface.  The 
second is heat transfer across the membrane by conduction and assembling the vapor 
flow through the pores.  The third is the convective heat transfer from the membrane 
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surface of the permeate side across the boundary layer to the bulk permeate solution.  The 
heat transfer can be described by:98 
 






       (1.15) 
 
where J is the flux, M is the membrane thickness, ΔHv is the latent heat of evaporation, 
km is the thermal conductivity of the porous membrane and Tm1 and Tm2 at the hot and 
cold membrane surfaces.  
However, this equation only accounts for the latent heat of evaporation.  The heat 
transferred by conduction through the membrane is considered as heat lost so: 
 




Q                           (1.16) 
 
The evaporation efficiency is defined as the ratio between the heat which 
contributes to evaporation and the total heat exchanged by the feed.  The total heat 
exchanged by the feed is the difference between the sensible heat of the incoming feed 
stream (Q1-in) and the sensible heat of the outgoing feed stream (Q1-out).  This total heat 
exchanged by the feed consists of the Tm1 and Tm2 and of the heat that is lost to the 
environment by conduction. 
A large amount of heat is used to vaporize the solution, this results in a 
temperature difference between the bulk solution and the membrane surface, causing a 
temperature polarization.99-106  This temperature polarization causes a significant loss in 
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the driving force of the mass transfer through the membrane.  Estimates have been made 
that up to 30% of useful heat is lost due to this temperature polarization.  This means the 
water vapor pressure difference calculated with the temperature at the membrane 
interfaces is only a fraction of the water vapor pressure difference calculated with the 
bulk temperature.  The ratio of useful energy for the mass transfer of vapors is called the 
temperature polarization coefficient (TPC) and this represents the fraction of total 









        (1.17) 
 
where Tmf is the interfacial feed temperature, Tmp is the interfacial permeate temperature, 
tf is the bulk feed temperature and Tp is bulk permeate temperature.  A schematic of the 














Figure 1.5 Temperature polarization in membrane distillation. 
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Given the evaporation and condensation rates depend on the interfacial 
temperatures and not the bulk temperatures, and because the vapor pressure driving force 
is primarily a function of temperature, it is desired the difference between Tmf and Tmp be 
as high as possible.  In other words, a higher TPC will increase overall mass transport.  It 
is generally thought a higher feed flow helps to overcome the temperature polarization 
effect.  This is most likely due to increased turbulent flow that minimizes localized "hot 
spots" on the membrane surfaces.  However, the higher pressures involved with pumping 
the solution faster may cause the pore’s break-through pressure to be exceeded and will 
result in pore wetting that prevents further vapor transport.    
With MD, mass transfer is separated into three steps, mass transfer in the feed 
boundary layer, mass transfer across the membrane and mass transfer in the permeate 
boundary layer.  The Dusty gas model (DGM) is generally used to explain mass transfer 
across a membrane's pore in MD.  With the DGM, the pore's medium is viewed as a 
grouping of uniformly distributed dust particles held stationary in space.  The presence of 
gas-surface interactions considers the gas molecules as large particles.  This model is 
composed of four components: molecular (Fickian) diffusion, Knudsen diffusion, surface 
diffusion and viscous flow 108 as shown in Figure 1.6.  Molecular diffusion is used in 
circumstances when collisions between molecules play the main role in mass transport.  
The Knudsen diffusion model is followed whenever collisions between molecules and the 
pore's wall are the dominant transport mechanism.  Surface diffusion represents flow 
when a solute molecule adsorbs on the surface of the pore and then hops from one site to 
another based on interactions between the surface and the molecules.  Viscous flow is the 
flow of a gas across a channel under conditions where the mean free path is small in  
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comparison to the transverse section of the channel and the flow characteristics are 



























Figure 1.6 Membrane distillation diffusion mechanisms across hydrophobic membrane  
pores.   
 
When considering only Knudsen or molecular diffusion, the molar water flux 















      (1.18) 
 
where pair is the air partial pressure, R is the gas constant, T is absolute temperature and 
Dkwe and D
oe
w-air  are the Knudsen and molecular diffusivities. 
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Usually in MD, mass transport is typically explained in terms of only Knudsen or 
molecular diffusion.109  As membrane pore size decreases (to less than 0.2 micron),   
Knudsen forces predominate, and conversely as pore diameter increases, molecular 
diffusion is the dominant transport mechanism.  To date, surface diffusion and viscous 
flow have not been considered as major contributors in MD.  Further, the mass transfer 
boundary layers at the bulk feed-membrane and permeate-membrane interfaces are 
thought to result in negligible contributions to overall mass transfer resistance.  
In a thermally driven MD process, the increase in the overall resistance to mass 
transfer as a result of the presence of a mass transfer boundary layer in proximity of the 
membrane interface is generally ignored.  However, this must be considered if 
crystallization or precipitation processes can occur, because these might induce 
supersaturation in the proximity of the membrane. 
A mass balance across the feed side boundary layer allows a relationship to be 
derived between molar flux (J), the mass transfer coefficient (kx) and the solute 
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where p is the density of the solution. 
A phenomena known as concentration polarization occurs when solvent 
permeates through the membrane, and the solute concentration cm at the feed 








CPC                    (1.20) 
 
where CPC is the concentration polarization coefficient.  While there is known 
concentration polarization in reverse osmosis, it generally is not considered as a 
significant concern with MD. 
Membranes that are most suitable for MD processes should have the following 
properties: 
- Small thickness and low tortuosity 
 - Low thermal conductivity of the membrane material 
- High porosity to lower conductive heat flux and increase water vapor transport  
- Reasonable pore size, but balanced by preventing membrane pore wetting 
- Low surface energy or high hydrophobicity so the membrane is applicable    
 under high pressure. 
 
1.6  Objectives 
 
The objective of this research was to develop analytical preconcentration techniques 
using membrane distillation as the evaporative process.  Further, carbon nanotubes were 
immobilized into the membrane's pores (CNIM) and comparative studies were completed 
to determine if this improved the overall efficiency of the MD process.  Based on 
favorable results obtained with CNIM in analytical applications, further work was 
completed on water desalination and deionization applications using CNIM.  This work is 
presented in five parts.       
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Part 1 Membrane Distillation as an On-line Concentration Technique   
 
Membrane distillation (MD) was investigated as a real-time, online concentration 
technique, where the aqueous matrix is selectively removed from the sample to enhance 
analyte enrichment.  This technique was aimed at exploring the possibility of using MD 
as a universal method for a wide range of compounds and is unlike conventional 
membrane extractions that rely on the permeation of the solute into an extractant phase 
 
Part 2 Carbon Nanotube Enhanced Membrane Distillation for On-line Preconcentration 
 
Carbon nanotube enhanced membrane distillation was investigated as a means to 
preconcentrate pharmaceutical residuals in water.  It was demonstrated that CNT 
immobilized membranes enhanced the level of preconcentration as compared to standard 
membranes.  
 
Part 3 On-line preconcentration of trace pharmaceuticals in polar solvents using carbon 
nanotube enhanced membrane distillation  
 
Carbon nanotube enhanced membrane distillation was investigated as an on-line 
analytical preconcentration technique to provide real time monitoring of impurities in 
pharmaceutical processes where methanol is recovered.  In a carbon nanotube 
immobilized membrane (CNIM), the carbon nanotubes (CNTs) provide additional 
pathways for solvent vapor transport.   
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Part 4 Water Desalination Using Carbon Nanotube Enhanced Membrane Distillation 
 
Desalination is the process by which high levels of salts are removed from water allowing 
it to be used as drinking water.  Carbon nanotube enhanced membrane distillation was 
investigated as a means to improve desalination efficiency as compared to traditional 
membrane distillation.   
 
Part 5 Concentration of trace inorganics in aqueous streams using carbon nanotube 
enhanced membrane distillation 
 
With this work dilute aqueous solutions of various inorganic compounds were 
concentrated using carbon nanotube enhanced membrane distillation.  The carbon 
nanotubes (CNTs) served as a means to increase vapor transport capacity resulting in 




MEMBRANE DISTILLATION AS AN ON –LINE CONCENTRATION 
TECHNIQUE: APPLICATION TO THE DETERMINATION OF 
PHARMACEUTICAL RESIDUES IN NATURAL WATERS 
 
 
2.1  INTRODUCTION 
 
The objective of this work 110 was to explore MD as an on-line and real-time 
concentration technique for analytical applications. Of particular interest is the 
monitoring of semivolatile organics such as drug molecules in aqueous matrices. In 
recent days these compounds have become public health concerns, and have been 
classified as emerging contaminants.111-113  
Another example of where MD may have an analytical application is with 
pharmaceutical equipment cleaning.  In pharmaceutical manufacture, it is very important 
to ensure that all traces of pharmaceutical ingredients are removed from equipment prior 
to using that equipment for another product.114  Equipment is cleaned and then repeatedly 
rinsed with either hot Purified Water or with an organic solvent.  The process of ensuring 
equipment is adequately cleaned is referred to as cleaning verification.  Cleaning 
verification involves taking “grab samples” of rinsate and then analyzing these off-line in 
a laboratory.  This process is time consuming, expensive and generates large volumes of 
waste solvent.   
In 2002, FDA recognized this problem and launched their risk-based approach 
initiative 115 in order to encourage the use of the latest advances in pharmaceutical 
technology.  One aspect of this initiative is to use Process Analytical Technology (PAT).  
PAT is a system for analyzing and controlling manufacturing through continuous 
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measurements of critical process attributes.  Most PAT initiatives to date have focused on 
batch processing of tablet products using techniques such as NIR, Raman, acoustics and 
particle monitoring.  PAT has not been studied to date for pharmaceutical equipment 
cleaning.  Its application to this area would provide both environmental benefit (from 
reducing the amount of solvents and energy used) as well as an economic benefit.   
With the PAT concept, verification of equipment cleaning would be completed at-
line using the same analytical techniques as used for analysis of the active ingredient in 
the drug product.  The referee method to quantify active ingredients usually is HPLC; 
however the limit of detection is often not low enough to detect the levels found in rinse 
samples.  Using MD as an in-line concentration technique would take advantage of the 
residual heat from the heated rinse solvents and the cooled, concentrated sample could be 
fed directly to an HPLC column.  This real-time analysis would allow for reduced 
cleaning time and reduced rinse requirements. 
 
2.2  Experimental 
Celgard type X-50 hollow fiber membrane (courtesy of the Membrana-Charlotte division 
of Celgard, LLC, Charlotte, North Carolina, USA) was used for all experiments.  This 
material has been used extensively in water degassing operations.116,117  Physical 
dimensions of the X-50 membrane are: wall thickness 80 microns, inner diameter 220 
microns, porosity, 40%.  Nominal pore size for this membrane is 0.04 micron, so 
Knudsen diffusion would be expected to be the primary diffusion mechanism.    
Membrane modules were constructed in a shell and tube format using threaded 
brass pipe fittings.  The “shell” portion of the module was a ¼ inch ID X 1.0 inch long 
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pipe nipple.  To each end of this was attached a T fitting, through which the membrane 
was introduced.  A total of 36 membrane strands were used in each module, total 
membrane contact surface area (based on internal membrane ID) was 0.84 cm2.   The 
ends were then sealed with epoxy to prevent leakage into the shell side and the assembled 
module was insulated with fiberglass insulation.  Component parts and an assembled 
module are shown in Figure 2.1 
One of the vertical legs of a T-fitting was attached to a vacuum source using 
polyflo tubing.  When vacuum was applied, room air came in through the other drain port 
and exited through the second drain port.  Vacuum was regulated so that air volume 
through the membrane module was 1 L min-1.  A space heater was used to heat the air 
entering the module.   
Test solution was pumped through the module using a Hewlett Packard (Palo 
Alto, CA., USA) HPLC 1050 pump.  The solution traveled through 1/8 inch teflon tubing 
that was coiled and immersed in a water bath at a set temperature.  The teflon tubing was 
connected to the inlet of the module.  As solution traveled up the length of the module, 
permeate was discharged through the drain port fitting.  
Four pharmaceutical active ingredients were studied: ibuprofen (an anti-
inflammatory) dibucaine (a topical anesthetic), acetaminophen (an analgesic) and 
diphenhydramine (an anti-histamine).  All reagents and chemicals used in this work were 
purchased from Sigma-Aldrich (Saint Louis, MO, USA).  A schematic of the membrane 
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Figure 2.2 Schematic diagram of the experimental system. 
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All analysis was completed using a Hewlett Packard HPLC system and a Perkin 
Elmer (Waltham, Ma, USA) 785 UV-Vis analyzer.  The diphenhydramine was 
determined using a Zorbax SB-CN 250mm x 4.8 mm column.  Ibuprofen, acetaminophen 
and dibucaine were determined using Supelco C-18 250 mm x 4.6mm columns.  SRI’s 
(Torrance, CA, USA) Peak Simple Version 3.29 was used for HPLC data analysis.  
Analysis for ibuprofen, dibucaine and diphenhydramine were carried out using 
procedures detailed in the USP.118  The analysis for acetaminophen was completed using 
a method found in the literature.119  A 5 mg L-1 ibuprofen solution was used for all 
process optimization experiments. 
 
2.3 Results and Discussion 
For analytical enrichment, the two important factors are the preconcentration of analyte 
and the reduction of the amount of solvent.  The enrichment factor (EF) is directly related 
to the analytical sensitivity, and the solvent reduction (SR) determines the amount of 
solvent removed in MD.  A higher SR leads to higher EF.   
 An important consideration is the effect of membrane surface area.  The 







          (2.1) 
 
where J is the flux, wp is the total mass of permeate collected, t is the permeate collection 
time and A is the membrane surface area.   
Three modules were prepared with 6, 12 and 36 hollow fiber membrane strands, 
and represented 0.14, 0.28 and 0.84 cm2 of membrane surface area (based on internal 
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diameter).  Experimental results using a 5 mg L-1 ibuprofen solution at 90ºC and 0.5 ml 
min-1 are summarized in Figure 2.3.  Data showed a strong correlation between 
membrane surface area and both EF and SR.  The response was nearly linear with 
membrane surface area.  
It is worth mentioning that MD is also a thermal process, where temperature 
gradients play important roles. For example, in an adiabatic measurement, a sample at 
80ºC was found to exit the membrane module at 20-25º because much of the thermal 
energy is lost as latent heat in MD. Therefore, membrane configuration is expected to 
play an important role. In addition to the above experiments with modules of different 
surface area, a fourth membrane module was prepared where the total membrane surface 
area was the same as for the 36 strand module (0.84 cm2) but was twice as long because it 
used only 18 strands. EF and SR for this were approximately 30% lower than for the 36 
strand module.  This indicated that vapor flux decreased as the aqueous solution moved 
down the module, which was attributed to evaporative cooling that took place when the 
vapor was removed. Therefore, a high surface area membrane module with short 
residence time is a recommended design for MD.           
The effect of feed flow rate at constant temperature (90ºC) is shown in Figure 2.4.  
At lower flow rates the residence time was higher and there was more time for vapor 
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Figure 2.4 Effect of feed solution flow rate on EF and SR.  
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Temperature is an important factor that affects both vapor pressure and diffusion 
coefficient.  Higher temperatures lead to higher vapor pressure, which increase 
exponentially with temperature 121 and the diffusion coefficient followed an Arrhenius 
type temperature function.  Experimental results for varying temperatures under constant 
flow and feed solution concentration are shown in Figure 2.5.  The data showed an 
increasing feed solution temperature enhancing both SR and EF.  The data show a 
maximum in the curves.  Both SR and EF peaked around 90ºC and then dropped as the 
temperature was raised to 100oC.  A possible explanation for this is that at higher 
temperatures, the vapor may not be “dry” and carry small water droplets with it.  The 
presence of liquid would tend to occlude membrane pores which would decrease overall 











































2.4  Analytical Performance 
In addition to ibuprofen acetaminophen, diphenhydramine and dibucaine were also 
studied.  All four compounds were tested at constant flow of 0.5 ml min-1, 90ºC and using 
the 36 strand membrane module.  All measurements were repeated in triplicate.  EF for 
the individual compounds varied between 3.6 and 5.6.  Further, all four compounds were 
also tested in triplicate by thermal evaporation at 90°C and 30 minute heating.122, 123  Data 
comparing the two procedures is summarized in Table 2.1. 
MD was highly reproducible with RSD ranging between 3% and 5% and accuracy 
as relative percent error was less than 2%.  In comparison, enrichment factors by thermal 
evaporation were similar, ranging from 3.0 to 4.6 but had higher RSDs (ranging from 4-
9%).  With MD, compounds showed linear calibration in the range of 0.05 to 20 mg L-1 
with an r² greater than 0.994. This made quantification using external standards feasible. 
The method detection limits at a signal to noise ratio of three were 0.01 mg L-1, 0.03 mg 
L-1, 0.05 mg L-1 and 0.03 mg L-1 for ibuprofen, acetaminophen, diphenhydramine and 
dibucaine respectively.  Lower detection limits could be achieved by increasing the 
number of hollow fibers, thus increasing useful surface area.   
These studies demonstrate that MD is a promising approach for online and real 
time concentration of trace impurities in pure water samples.  It should be noted that MD 
is a preconcentration process. It can be coupled to micro/nanofiltration and other clean up 
techniques to provide those functions.  In general, MD offers several advantages that are 




Table 2.1 Enrichment Factor and Solvent Reduction for Various Pharmaceutical Compounds, Comparing MD and 
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 Based on the results presented here, it is particularly useful to the pharmaceutical 
industry to monitor various process and waste streams. For example, in pharmaceutical 
reactor cleaning where hot Purified Water is routinely used, MD can use waste heat from 
cleaning solutions to concentrate the sample in real time and the evaporative cooling 
would allow direct interfacing to HPLC.  Potentially, MD can replace the conventional 




MD was found to be an effective real-time concentration technique where the enrichment 
occurred via the elimination of water from an aqueous sample.  Temperature, feed flow 
rate, total membrane surface area and membrane configuration were all important 
parameters and EFs as high as 5.6 were obtained.   The process was linear over the 
concentration range studied and the method showed excellent figures of merit along with 




CARBON NANOTUBE ENHANCED MEMBRANE DISTILLATION 
FOR ON-LINE PRECONCENTRATION OF PHARMACEUTICALS 
FROM AN AQUEOUS PHASE 
3.1  Introduction 
While MD offers the opportunity to partially removal the aqueous matrix for 
preconcentration, it is limited because of the relatively low enrichment.  The objective of 
this work is to investigate the comparative enrichment capabilities of two membrane 
modules.  The first module was the same as that used for the experiments in Chapter 2.  
The second membrane module was identical except that carbon nanotubes were 
imbedded in the membrane pores.  Recently, novel membranes have been developed by 
immobilizing carbon nanotubes (CNTs) into membrane pores.124  Referred to as the 
carbon nanotubes immobilized membrane (CNIM), here the CNTs serve as a sorbent and 
provide an additional pathway for solute transport.125-127  The objective of this work was 
to implement CNIM as the membrane to provide enhanced preconcentration in MD.  Of 
particular interest is the monitoring of semivolatile organics such as drug molecules in 
aqueous matrices from effluent streams and wastes from the pharmaceutical industry.  In 
recent days, these compounds have become important and have been classified as 
emerging contaminants.  
In all membrane processes, the key component is the membrane itself because it 
determines both flux and selectivity. The development of a novel membrane architecture 
is of great importance to enhance the membrane performance. 
Carbon nanotubes (CNTs) can be described as a graphite sheet rolled up into a 




lengths up to several centimeters with both ends normally capped by fullerene-like 
structures.128  CNTs have high stiffness and axial strength due to their carbon-carbon sp2 
bonding.  The highly developed hydrophobic surface of CNTs exhibit strong sorption 
properties towards small gas molecules.  This sensitivity is largely based on charges in 
the electrical properties of the CNTs.  CNTs have also been shown to have capacity for 
sorption of inorganic ions in not only the outer surfaces but also in the inner cavities, and 
the intra-layers in the structure of a CNTs are responsible for moving the ions.  The 
physico-chemical properties of CNTs are known to play an important role in membrane 
processes, where the nanotubes serve as channels for mass transport of water vapors and 
gases 129, 130 and the high flux has been attributed to the atomic-scale smoothness of the 
CNT walls as well as molecular ordering inside the nanopores.131  Studies have shown 
that absorbed water molecules tend to organize themselves into a long lasting hydrogen-
bonded network.132,133  Further, pulse like burst transmissions of water molecules through 
the CNTs have been observed.  These bursts are due to the tight hydrogen bonding 
network within the tube which ensures that density fluctuations lead to controlled and 
rapid motion through the nanotube.  The water molecules are conducted through the 
nanotube and move with little resistance unhindered by interactions with the hydrophobic 
wall of the CNT.  Further, the flow appears to be frictionless and is limited primarily by 
the barriers at the entry and exit of a nanotube pore and flow rates are independent of the 
length of the nanotube. 
In the CNTs, water molecule entry, exit and transport are highly correlated and 
the tightly coupled motion of the water chain can be described as a continuous random 
walk.  For the single-file flow of water molecules within a CNT, flow friction with the 
wall does not slow down the water transport.  This corresponds to an almost perfect slip 
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boundary condition within the CNT pore.  Water flow then is independent of the channel 
length and is limited mainly by molecule entry and exit events.  The net average flow rate 
per tube is determined by the thermodynamic driving force and is limited by the activated 
diffusion hopping rate.  Since CNTs act as both molecular transporters and sorbents, 134 
they can increase the permeability of a substance through a membrane as well as increase 
its selectivity.  The CNTs also increase functional surface area in the membrane system 
due to their high aspect ratio.135  Furthermore, particularly pertinent to MD, is the fact 
that the high thermal conductivity of the CNTs may reduce the temperature gradient at 
membrane interfaces, allowing for reduced surface tension.136, 137  All these mechanisms 
are expected to play important roles on the molecular transport of water vapors in the 
presence of the CNTs and lead to enhanced performance in MD.  
Flow through CNTs is assumed to follow Knudsen diffusion models.138  
However, measured fluxes are high enough so that free molecular transport is indicated.  
Flux results one to two orders of magnitude higher than expected were measured.  This 
observed increase in flow enhancement is most likely caused by the intrinsic smoothness 
of the CNT surface.  In the atomically smooth walls, the nature of the gas-wall collisions 
can change from purely diffuse (Knudsen) to a combination of specular and diffuse 
collisions.  Flow rates across CNTs have been measured that are several orders of 
magnitude than would be predicted by a no-slip hydrodynamic flow as calculated by the 
Hagen-Poiseulle equation.  This is not unexpected since the diameters in a CNTs tube lie 
between slip flow and transitional flow regimes. 
The presence of CNTs affect membrane characteristics such as diffusion 
coefficient and geometric factors (defined as porosity and shape factor, etc.) 139, 140 while 
the partition coefficient is affected by the excellent sorbent characteristics of the CNTs.  
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Figure 3.1 depicts the proposed mechanisms for the selective transport of water vapors 
during MD across a carbon nanotube enhanced membrane.  Immobilizing the CNTs in 
the pores altered the water-membrane interactions, which is one of the major 





































Since CNTs are highly hydrophobic, they decrease the tendency of a pore to 
become wet with liquid, so more pure vapor transport can occur.  Different mass 
transport mechanisms are possible within CNT pores including convection, molecular 
diffusion, Knudsen diffusion and surface diffusion.  It is generally assumed that gas flow 
across a membrane’s pore follows Knudsen or molecular diffusion transport mechanisms.  
Since CNTs are known to have rapid sorption and desorption capacity, it is possible they 
allow the water vapor molecules to follow a surface diffusion pattern, in which the water 
molecules hop from one site to another by interacting with the surfaces.  This action 
increases overall vapor transport.  If there is a high enough concentration of molecules 
adsorbed on the wall of the CNT they may exhibit mobility.  Transport by movement of 
molecules over a surface is partially due to the differences in molecular densities between 
the adsorbed and vapor phases.  Surface diffusion is an activated process and it 
diffusivity is described by an Arrhenius function.  If there is a difference in total pressure 
between the ends of the CNT pore, there will be bulk flow, according to a form of 
Poiseulle's equation.  Bulk flow becomes more important as pressure and the pore 
diameter increase.  The resultant diffusivity for a given component, incorporating the 
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where K is the dimensionless adsorption equilibrium constant. 
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The CNTs also provided an alternate route for fast mass transport via diffusion 
along their smooth surface. The water vapor may also be transported directly through the 
inner tubes of the CNTs,  which are known to enhance vapor transport.   
The condensation of water is known to reduce the hydrophobicity of the 
membrane leading to the attraction of more water molecules which may eventually lead 
to pore clogging.  The presence of CNTs reduces these effects. Since CNTs are highly 
hydrophobic, they decrease the tendency of a pore to become wet with liquid, so higher 
transport of pure vapor can occur.       
It is well established that CNTs have high thermal conductivity and in fact, CNTs 
display the highest measured thermal conductivity of any known material at moderate 
temperatures .  The additive effect of CNTs to the thermal conductivity of a membrane 










1                                (3.3) 
 
where K  is the thermal conductivity of the liquid, Kc m is the matrix phase (e.g. 
membrane material) thermal conductivity and f is the volume fraction of CNTs.  This 
relation demonstrates the large thermal conductivity enhancement induced by the CNTs.   
The higher thermal conductivity of the CNTs reduces the temperature gradient in the 
membranes, thus reducing condensation and allowing more vapor to permeate through 
the pores.  Further, the more equal temperature distribution across the pore's length helps 
to lower the surface tension 142, 143 in the pores allowing easier transport of water vapors.   
Another possible effect is reduced temperature polarization.144-147  As seen in 
Figures 3.2 b, 3.2d and 3.2f, CNTs lay on top of the membrane as well as in the 
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membrane pores.  It is possible the CNTs here reduce the temperature polarization 
between the bulk feed and membrane interface allowing an overall more efficient 
process. 
 
3.2  Experimental Section  
The carbon nanotube immobilized membranes (CNIM) were prepared as follows. Ten 
milligrams of multi wall nanotubes (Cheap Tubes, Inc, Brattleboro, VT, USA) were 
dispersed in a solution containing 0.1 mg of polyvinylidene fluoride (PVDF) in 15 ml of 
acetone by sonicating for an hour.  The PVDF/CNTs dispersion was forced under 
vacuum into the pore structure of the polypropylene membrane. The CNIM was produced 
during this step and the PVDF served as a binding agent that held the CNTs in place. The 
membrane was then flushed with acetone to remove excess CNTs and PVDF.  
Experiments were carried out using modules with CNIM as well as plain membranes 
without CNTs.  The two modules used were the same in construction to that described in 
Chapter 2 (i.e. 36 strands, 0.84 cm2 internal diameter surface area).  The membranes were 
characterized by scanning electron microscopy using a LEO 1530 VP instrument 
(Gottingen, GER) and by thermo gravimetric analysis (TGA) using a Perkin Elmer 
(Waltham, MA, USA) Pyris instrument.    
 
3.3  Results and Discussion  
Scanning electron microscopy (SEM) images at various magnifications with and without 
CNTs are shown in Figures 3.2a, b, c, d, e and f.   
Based on the TGA analysis, it was concluded that the CNIM contained 




enhanced the thermal stability of the membrane by increasing the onset of thermal 
degradation by as much as 29ºC.  This is critical for MD, where relatively high 
temperatures are used and the higher stability would help slow membrane deterioration. 




























Figure 3.2 Scanning electron micrographs of (a) plain membrane at 25 kX (b)  
CNIM at 25 kX (c) plain membrane at 70 kX (d) CNIM at 70 kX (e) plain 




















Figure 3.2 Scanning electron micrographs of (a) plain membrane at 25 kX (b)  
CNIM at 25 kX (c) plain membrane at 70 kX (d) CNIM at 70 kX (e) plain 




































Figure 3.2 Scanning electron micrographs of (a) plain membrane at 25 kX (b)  
CNIM at 25 kX (c) plain membrane at 70 kX (d) CNIM at 70 kX (e) plain 













3.4  The Preconcentration Effect and Mass Transfer in the Presence of CNTs 
 
 
The preconcentration effect in MD was quantified as the Enrichment Factor (EF):  
 











EF                 (3.4) 
 
where,  is the outlet analyte concentration and  is the inlet concentration.  The other 
important factor was solvent reduction (SR), which was a measure of the amount of water 








oi          (3.5) 
 
where, Vi and Vo were in the inlet and outlet volumes. 
Another important consideration was the effect of CNTs on mass transfer across 




             (3.6) )( VLw CCkJ 
 
where, k is the mass transfer coefficient and CL and CV are the liquid and vapor-phase 
concentrations. The reciprocal of k, the overall resistance to mass transfer149 depends 
upon several factors and is expressed as: 
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where, 1/kL is the liquid boundary layer resistance, 1/kM is the membrane resistance and 
1/kV is the vapor boundary resistance.  The liquid boundary layer resistance is dependent 
on parameters such as feed flow rate, turbulent flow, viscosity, and density.  Membrane 
resistance is a function of the membrane thickness, temperature and the permeability of 
water vapor through the membrane.  Vapor phase boundary layer resistance is affected by 
surface tension and temperature.  A large amount of heat is used to vaporize the solution, 
this results in a temperature difference between the bulk solution and the membrane 
surface, causing a temperature polarization.  This temperature polarization causes a 
significant loss in the driving force of the process.  The ratio of useful energy for mass 
transfer of vapors is call the temperature polarization coefficient (TPC) and is the fraction 
of total thermal driving force that contributes to mass transfer.  A higher TPC will 
increase overall mass transport.  A higher feed flow helps to overcome the temperature 
polarization effect, however the higher pressures involved with pumping the solution 
faster may cause the pore’s break-through pressure to be exceeded and results in pore 
wetting that prevents further vapor transport.    






                     (3.8) 
 
where, wp is the total mass of permeate, t is the permeate collection time and A is the 





k                       (3.9) 
 
where k is the mass transfer coefficient and c is the average feed concentration.   
 Initial optimization of process conditions was carried out using a 5 mg L-1 
ibuprofen solution in deionized water.  Experiments were carried out in the range of 50- 
100ºC.  In both membrane types, there was no measurable increase in concentration at 
50ºC (EF was 1.0).  At 60ºC, while the plain membrane showed no increase in EF, CNIM 
showed some preconcentration effect. The maximum enrichment for both membranes 























































Figure 3.4 EF and SR as a function of temperature at a flow rate of 0.5 ml min-1 and 5   




The mass transfer coefficients at different temperatures are presented in Figure 
3.5, and were found to be 4 to 5 times higher in the presence of the CNTs.  The effect of 
temperature on k was significantly more pronounced for the plain membrane where the 
increase was nearly 4 fold in the 50ºC to 80ºC range. This was attributed to an increase in 
the diffusion coefficient (kM).  In general, while diffusivity in the membrane increased 
with temperature, the sorption or the partition coefficient decreased. As a result of these 






































Figure 3.5 Mass transfer coefficient (m/s-1) as a function of temperature.  
 
 
MD was studied in the flow rate range of 0.25 to 3.0 ml min-1.  At 3.0 ml min -1, 
there was no enrichment for the plain membrane but there was noticeable enrichment and 
solvent reduction for the CNIM.  Maximum enrichment occurred at 0.5 ml min-1 for both 
membranes and there was a leveling out for feed flow rates lower than this.  These results 
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Figure 3.6 EF and SR as a function of feed solution flow rate; at 80°C and 5 mg 
L-1 feed solution, flow rate.  
 
Figure 3.7 shows the effect of flow rate on the mass transfer coefficients.  At low 
flow rates, the overall mass transfer is controlled by diffusion through the boundary layer, 
while turbulence at high flow rates reduces the boundary layer affects, and at this point 
the k is no longer a function of flow rate. The flattening of the profile was observed for 
the unmodified membrane but not the CNIM. As the flow rate of feed water was 
increased from 1.0 to 2.0 mL min-1, k in the unmodified membrane increased from 1.12 x 
10-6 to 1.41 x 10-6 ms-1, and stayed more or less constant beyond that point. Interestingly, 
the overall mass transfer coefficient was less affected by the presence of the CNTs at low 
flow rates.  In general, the presence of the CNTs led to enhanced permeability through 
the membrane, and mass transfer was not limited by diffusion through the boundary layer 
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Figure 3.7 Mass transfer coefficient (m/s-1) as a function of feed flow rate.  
 
The effect of inlet concentration in the range of 0.1 to 5 mg L-1 was studied at the 
optimal conditions and these results are shown in Figure 3.8.  It was observed that in the 
range studied, EF and SR did not change significantly with concentration.  The mass 
transfer coefficients were calculated and these were essentially the same at each 
concentration.  Once again, the CNIM consistently showed higher EF and SR than the 
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Figure 3.8 EF and SR as a function of inlet concentration of ibuprofen, 80°C and 0.5 ml 
min-1 feed flow.   
 
3.5  Analytical Performance 
Other pharmaceutical compounds studied were acetaminophen, diphenhydramine and 
dibucaine. All compounds showed similar trends as a function of temperature, flow rate, 
concentration and mass transfer coefficient.  EF, SR and mass transfer coefficient was 
determined for each compound at 0.1, 1.0, 2.5 and 5 mg L-1.  All experiments and 
measurements at all concentrations were measured in triplicate.  All results were linear in 
the concentration range measured.  Comparative data is presented in Table 3.1, which 
represent measurements at 80ºC, 0.5 ml min-1 and 1.0 mg L-1 concentration.  As seen, the 
EF and SR were significantly higher in the case of CNIM.  The EF using the unmodified 
membrane varied between 3.2 and 5.3, and corresponding values for CNIM were 10.1 to 
14.8.  The CNIM led to 300% enhancement in EF and up to 270% enhancement in SR. 





concentration using pervaporation, however, the EF using CNIM was found to be 
significantly higher.   
The MD process was highly reproducible with RSD ranging between 2-5%.  The 
calibration curves showed excellent linearity in the range of 0.01 to 5 mg L-1 with r² 
greater than 0.995 for all the compounds, so this allowed quantification by the method of 
external standardization.  The detection limits using CNIM at a signal to noise ratio of 3 
were 0.003, 0.02, 0.009, 0.005 mg L-1 for ibuprofen, acetaminophen, diphenhydramine 
and dibucaine respectively.  Significantly lower detection limits could be achieved by 
increasing the number of membrane strands in the CNIM module.   
 
3.6  Conclusions 
MD via CNIM is an excellent preconcentration method that can be used on-line for the 
concentration of analytes from an aqueous medium. The approach is universal because it 
relies on the removal of water rather than the selective permeation of the analytes across 
a membrane.  Further, the technique does not require the use of solvents, so may be 
considered “green” compared to SPE or liquid-liquid extraction.  Conventional MD 
provided a low enrichment factor, but the introduction of CNTs dramatically increased 








Table 3.1 EF, SR and k for Four Pharmaceutical Compounds with Plain Membranes and 
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CARBON NANOTUBE ENHANCED MEMBRANE DISTILLATION FOR ON-




4.1  Introduction 
 The objective of this work was to determine if enhanced MD could be applied as an 
preconcentration technique for monitoring trace impurities by the selective removal of 
organic solvents. Of particular interest is the monitoring of drug molecules in methanol, 
which is a common solvent used in many pharmaceutical manufacturing operations.   
 
4.2 Experimental   
Two new membrane modules were prepared (one with plain membrane and the other 
with CNIM) and were similar to those used in Chapter 3.  Experimental conditions were 
the same as before except that methanol was used in place of water for all experimental 
work. 
 
4.3 Results and Discussion 
Process optimization was carried out using a 5 mg L-1 ibuprofen solution in methanol.  
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Figure 4.1 EF and SR as a function of temperature at a flow rate of 0.75 ml min-1 and 5   
mg L-1 ibuprofen feed solution.  
 
Experiments were carried out in the range of 40- 90ºC.  Maximum enrichment 
was reached at a temperature of 70ºC for both the CNIM and the plain membrane.  The 
CNIM consistently showed higher EF than the plain membrane.  For example, at 70ºC, 
EF and SR were 159% and 146% higher with the CNIM.  Significantly higher EF could 
be accomplished using the CNIM at a lower temperature, implying that the same 
preconcentration could be carried out under cooler conditions.  
The mass transfer coefficients at different temperatures are presented in Figure 
4.2.  The CNIM had significantly higher mass transfer coefficients at all temperatures. 
The effect of temperature on k was significantly more pronounced for the plain 
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Figure 4.2 Mass transfer coefficient (m/s-1) as a function of temperature.  
 
 MD was studied in the flow rate range of 0.5 to 1.0 ml min-1.  EF began to reduce 
beyond 0.75 ml min-1 for both the membranes, which was attributed to lower residence 
time and less time for mass transfer.  The data is presented in Figure 4.3.  Once again, for 
all measurements, EF and %SR for the CNIM was higher than the plain membrane.  In 
fact, the best EF and % SR values for the plain membrane were lower than the worst 

































Figure 4.3 EF and SR as a function of feed solution flow rate; at 70°C and 5 mg L-1   
ibuprofen feed solution.  
 
Figure 4.4 shows the effect of flow rate on the mass transfer coefficients.  There 
was a flattening of the profile with the plain membrane but not for the CNIM.  As the 
flow rate of bulk feed was increased from 0.5 to 0.75 mL min-1, k in the unmodified 
membrane increased from 1.53 x 10-6 to 2.14 x 10-6 ms-1, then stayed constant.  This was 
attributed to boundary layer diffusion. The presence of the CNTs led to enhanced 
permeability through the membrane, and mass transfer was not limited by diffusion 







































Figure 4.4 Mass transfer coefficient (m/s-1) as a function of feed flow rate.  
 
 The effect of inlet concentration in the range of 0.1 to 50 mg L-1 was studied at 
the optimal conditions and these results are shown in Figure 4.5.  It was observed that in 
the range studied, EF and SR did not change significantly with concentration.  The mass 
transfer coefficients were calculated, and these were relatively constant independent of 
the concentration.  Once again, the CNIM consistently showed higher EF, SR and mass 
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Figure 4.5 EF and SR as a function of inlet concentration of ibuprofen, 70°C and 0.75 ml  
min-1 feed flow.   
        
4.4 Analytical Performance 
Other pharmaceutical compounds, namely, acetaminophen, diphenhydramine and 
dibucaine were studied.  All compounds showed similar trends as a function of 
temperature, flow rate, concentration and mass transfer coefficient.  EF, SR and mass 
transfer coefficient were determined for each compound at 0.1, 0.5, 5, 25 and 50 mg L-1.  
All experiments and measurements at all concentrations were measured in triplicate.  All 
results were linear in the concentration range measured.  The results are presented in 
Table 4.1, which represent measurements at 70ºC and 0.75 ml min-1 feed flow rate and 
0.5 mg L-1.  As seen, the EF and SR were significantly higher in case of CNIM.  The EF 
using the plain membrane varied between 6 and 29, while CNIM showed 13 to 48.  The 





The MD process was highly reproducible with RSD ranging between 2-4%.  The 
calibration curves showed excellent linearity in the range of 0.1 to 50mg L-1 with an r² of 
greater than 0.992 for all the compounds, so this allowed quantification by the method of 
external standards. The detection limits were 0.001, 0.009, 0.004, 0.003 ug ml-1 for 
ibuprofen, acetaminophen, diphenhydramine and dibucaine respectively.  Significantly 
lower detection limits can be achieved by increasing the number of membrane strands, 
which would allow for greater loading of CNTs and a corresponding increase in solvent 
reduction.   
 
4.5 Conclusions 
MD via CNIM is an excellent preconcentration method for polar organic solvents that 
can be used on-line. The approach is an alternate to conventional distillation and is 
universal because it relies on the removal of solvent rather than the selective permeation 
of the analytes across a membrane.  Conventional MD provided a low enrichment factor, 
but the introduction of CNTs dramatically increased the performance in terms of 
enrichment factor, flux and mass transfer coefficients.  
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Table 4.1 EF and %SR for Four Pharmaceutical Compounds (EF and %SR from 










Ibuprofen 48 29 166 92 57 161 
Acetaminophen 13 6 217 80 55 145 
Diphenhydramine 29 15 193 92 64 144 







WATER DESALINATION USING CARBON NANOTUBE ENHANCED 
MEMBRANE DISTILLATION 
 
5.1  Introduction 
Water is an essential resource for ensuring human health, and the lack of suitable water to 
meet the daily needs for human consumption is a reality.  The importance of water to life 
on earth can not be too highly stated.  On a global scale water quality is being impaired or 
threatened by many factors, including industrial discharges, rainwater runoff and 
agricultural activities.  Drinking water quality has a huge direct impact on public health.   
The lack of sufficient quantities of water suitable for human consumption is a growing 
problem and is recognized by agencies such as the World Health Organization (WHO) as 
the most serious threat to the health of global populations.150  This limited supply of 
drinking water is competing with increasing industrial and agricultural demands for 
water.   
Even in areas where there is sufficient rainfall, the low quality of the stored water 
often prevents its use.  About 20% of the world's population resides in areas where water 
is physically scarce.  For a significant portion of the world, there is lack of adequate 
infrastructure to ensure water quality.  Poor water quality can lead to increased incidence 
of diseases such as dysentery and typhus.  The lack of suitable quality water has led to an 
increase in the use of both human and industrial waste water for agricultural purposes.  
When food from this practice is consumed, it raises the risk of both microbial and 
chemical contamination.        
 Countering this, there is a potentially unlimited supply of water for human, 




the high salt content of seawater prevents its use.  Salinity refers to the concentration of 
salt in water.  The average salinity of the world’s oceans is about 34,000 mg L-1, 
consisting primarily of sodium chloride (88%), magnesium sulfate (11%) with the 
remainder divided between various other inorganic salts.151   
It has long been hoped that economically viable technologies can be developed 
that would allow for removal of salt. While there are existing technologies that can 
remove these high salt levels in water, they are expensive and technically difficult to 
operate and maintain.  These are also prone to failure due the corrosive effects of the 
salts.  Currently the most commonly used process for seawater desalination is reverse 
osmosis (RO).   
 RO is a process by which water is deionized by using pressure.152  In natural 
osmotic systems, water flows across a semi-permeable membrane from areas of low salt 
content to areas of high salt content, or simply fresh water moves to dilutes salt water.  
The functioning of the human kidney is an example of a natural osmotic system.  In RO, 
the flow is reversed.  By applying a high enough pressure (the osmotic pressure) water of 
no or low salt content will move from a high salt content water across the membrane.  
The low salt content water is collected as permeate on the far side of the membrane and 
the remaining feed solution (concentrate) has a higher salt content than the original 
solution.  Whereas MD is a vapor pressure-temperature driven process, RO is a pressure 
driven process.  Because of the relatively high pressures (300-600 psi) involved in RO, 
specialized equipment is needed, such as pressure vessels to contain the membranes and 
multi-stage pumps.  
 Most applications using RO have been with “brackish” water, which is defined as 
water that has a lower salinity than seawater, but has a higher salt content than is suitable 
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for human consumption.  According to the US EPA regulations in the Safe Drinking 
Water Act (SDWA), the salt content of drinking water is a secondary health characteristic 
and it is recommended there be no more than 100 mg L-1 of total salt.153  Brackish water 
typically will contain somewhere between 100 to 10,000 mg L-1 of total salinity.  Wide 
use of desalination of brackish waters is found in the eastern Caribbean islands where 
water in mangrove swamps is purified.   
RO is used to desalinate brackish water because the lower salt content allows for 
substantially lower operating costs.  This is primarily due to lower pressure requirements 
needed to generate the required osmotic pressure.  This in turn lowers the electrical load 
needed for the pumps used in the process.  The lower dissolved solids load in brackish 
water decreases the corrosion and scaling effects associated with seawater desalination.  
This makes the overall RO process more efficient from both an operation and cost 
standpoint as compared to desalinating seawater.  However, in terms of absolute volumes 
and available supply, there is infinitely more seawater available than brackish water.   
While significant work has been completed investigating the use of MD with 
seawater desalination, to date there has been little or no investigation of MD’s application 
to the desalination of brackish water.  The objective of this research was to study the 
effect of CNIM on the enhancement of desalination efficiency of brackish water via 







5.2 EXPERIMENTAL DETAILS 
The experimental system is shown in Figure 5.1.  Two new modules were prepared, the 
same as those used in Chapters 3 and 4.  The salt mixture used in experiments contained 
88% NaCl and 12% MgSO4.   The solutions tested ranged from 10 to 34,000 mg L
-1.  The 
water to be treated was pumped through the module using a HPLC pump.  The solution 
traveled through a heat exchanger which allowed it to be heated to the desired 
temperature. As the solution traveled up the module, the permeate was discharged 
through the drain port and collected in a vacuum trap.  The ionic strength of the original 
solution, the permeate and the concentrate were measured using an Oakton EC Testr 11+ 
multi range conductivity meter.  All experiments were repeated in triplicate and the 




















 Figure 5.1 Schematic diagram of the experimental set up. 
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   5.3 Results and Discussion 
MD experiments were carried out in the range of 60-100ºC.  For both membrane types, 
the salt reduction and flux increased with temperature up to 80º C.  There was a leveling 
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Figure 5.2 Effect of temperature on salt reduction and flux at a feed flow rate of 0.5 ml    
min-1.  
 
The absolute level of salt reduction and flux per cm2 of membrane was higher for 
CNIM at all temperatures.  The incorporation of CNTs generated higher salt reduction 
and flux at significantly lower temperatures. The effect was most pronounced at lower 
temperatures. For example at 60o C and 0.5 ml min-1 feed flow, the salt reduction using 
CNIM was 6 times higher and was nearly the same as that accomplished at 90o C using 
the conventional membrane.  Both salt reduction and flux reached their peaks at 80o C 
when the CNIM was used. The data demonstrates that CNIM can provide significantly 
higher eco-efficiency, because more pure water generation can be carried out at a 
significantly lower temperature.  
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Desalination as function of flow rate is shown in Figure 5.3 when feed solution 
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Figure 5.3 Effect of flow rate on salt reduction and flux at 80°C.  
 
In the flow rate range studied, for both membrane types the salt reduction and flux 
per cm2 of membrane decreased with increasing flow rate.  Compared to the conventional 
membrane, the CNIM demonstrated significantly higher flux and salt reduction at all feed 
flow rates.  Flux increased by as much as two times in the presence of CNTs and salt 
reduction increased by almost as much as five times. This is attributed to some of the 
reasons mentioned above, especially the fact that the CNTs serve as sorbent sites for 
vapor transport while rejecting the liquid water due to its high hydrophobicity.  Salt 
reduction improved at all flow rates, ranging from 1.39 to 4.73 times higher.  The ionic 
radius of Na+ and Cl- are 1.02 and 1.81 Å respectively.155  It is well known that during 




the polymeric membrane.156  Since the pores here are significantly larger (0.04 micron), 
the salt permeation in the membranes occurs mainly due to the entrainment of fine liquid 
droplets in the vapor phase.  Therefore, it is concluded that the enhancement in salt 
reduction in the presence of the CNTs is due to the relatively higher vapor flux and 
rejection of water molecules due to higher hydrophobicity. The higher flux and salt 
reduction have practical ramifications because they lead to significantly higher efficiency 
processes.  Higher salt reduction can be attained at higher flow rates thus requiring less 
membrane material and energy per unit of water treated.   
It is well known that salt reduction in membrane processes decreases with 
increased salt concentration,157,158 this is primarily due to the decrease in water activity as 
concentration increases.  This was measured as a function of salt concentration and the 
data is presented in Table 5.1.  The measurements were carried out at a flow rate of 1 ml 
min-1 and 80ºC. These measurements were carried out in triplicate and represent a 
relative standard deviation of less than 5%. The results showed a substantial decrease in 
flux (25%) for the plain membranes as the salt concentration was increased from 10 to 
34,000 mg L-1. This phenomenon has been reported before.159,160  On the other hand, the 
CNIM showed no decrease in flux, most likely due to the hydrophobic nature of the 
CNTs, which prevented the liquid phase penetration into the membrane.  Also, the salt 
reduction capability of CNIM was significantly higher at all concentrations.   The salt 
reduction varied from 99% to 15%, while in the plain membrane it was 71% to 1%. This 
indicates the CNIM was less susceptible to salt bleed-through than the standard 
membrane.  Once again this is attributed to the CNIM’s ability to selectively allow the 




The mass transfer coefficients at a flow rate of 0.5 ml min-1 and different 
temperatures are presented in Figure 5.4, and were found to be 2 to 6 times higher in the 
presence of the CNTs.  The effect of temperature on k was significantly more pronounced 
for the plain membrane where the increase was nearly 6 fold in the 60ºC to 80ºC range. 
This was attributed to an increase in the diffusion coefficient.  In general, while 
diffusivity in the membrane increases with temperature, the sorption or the partition 
coefficient decreased. As a result of these two opposing effects, the overall increase in k 
was not as pronounced in the presence of the CNTs.   
Figure 5.5 shows the effect of flow rate (at 80°C) on the mass transfer coefficient.  
At low flow rates, the overall mass transfer is controlled by diffusion through the 
boundary layer. Turbulence at high flow rates may reduce the boundary layer effects, and 
at this point k is no longer a function of flow rate. The flattening of the profile was 
observed for the unmodified membrane but not the CNIM. As the flow rate of feed water 
was increased from 0.5 to 1.0 mL min-1, k in the unmodified membrane increased from 





Table 5.1 Salt Reduction and Flux at Different Feed Concentrations, All Measurements 
   at 80°C and at a Feed Flow Rate of 0.5 ml min-1. 
 
                   











10 99 3.23 71 2.24 
100 93 3.19 56 1.90 
1,000 32 3.28 13 2.00 
10,000 27 3.05 2 1.86 







































Figure 5.4 Mass transfer coefficients as a function of temperature at a feed flow rate 0.5   
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Interestingly, the overall mass transfer coefficient was less affected by the 
presence of the CNTs at low flow rates and the difference increased with flow rate. At a 
flow rate of 0.5 mL min-1, the mass transfer coefficient of the CNIM was 1.41 times 
higher than the unmodified membrane, but increased to 2.72 times higher at 3 mL min-1. 
In general, the presence of the CNTs led to enhanced permeability through the 
membrane, and mass transfer was not limited by diffusion through the boundary layer 
even at high flow rates.  The mass transfer coefficients as a function of inlet salt 
concentration at 80°C and 0.5 ml min-1 are presented in Figure 5.6. As expected, the 
values of k decreased with concentration, although they were consistently higher in the 
presence of CNTs.  As compared to the plain membrane, in the salt concentration range 
of 10 to 10,000 mg L-1, the mass transfer coefficients for the CNIM were higher by  a 
factor of 1.4-3.5.  At an inlet salt concentration of  34,000 mg L-1 , the CNIM represented 
a salt reduction that was higher by a factor of 15.  This indicates that even at this extreme 
concentration, the CNIM selectively allowed the passage of water vapor and minimized 
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Figure 5.6 Mass transfer coefficients as a function of concentration at a flow rate of 0.5  
ml min -1 and temperature of 80°C.  
 
 
5.4  Conclusions 
The advantages of CNIM compared to conventional MD include significantly higher flux 
and salt reduction for a wide range of salt concentrations up to the equivalent of sea 
water. Another advantage is that the CNIM can facilitate membrane distillation at a 
relatively lower temperature, higher flow rate and salt concentration.  Compared to a 
plain membrane, the CNIM demonstrated the same level of salt reduction at a 20°C lower 
temperature, and at a flow rate that was six times higher.  Together these lead to a more 
efficient process which could potentially make MD economically competitive with 





CONCENTRATION OF TRACE INORGANICS IN AQUEOUS STREAMS 
USING CARBON NANOTUBE ENHANCED MEMBRANE DISTILLATION 
 
 
6.1  Introduction 
The primary investigations of MD into water purification applications have involved bulk 
water removal from high solids content solutions, containing several thousand mg L-1 of a 
compound .  Little or no work has been completed investigating the use of MD to remove 
or concentrate low levels of inorganic impurities in water.  This study compares the MD 
performance of the plain and CNIM membrane types with their ability to concentrate or 
remove low levels of inorganic impurities from an aqueous stream.    
 High purity water treatment is a variety of processes for removing pollutants from 
water, or conversely as a means to concentrate trace levels of valuable materials that may 
be contained in a water supply.  Many waters would be suitable for human consumption 
except for the presence of low levels of a contaminant (for example chrome or barium).  
Once these are removed, the water can be used as a drinking water, with it now being 
safe for human consumption.  Also, industrial operations may result in trace levels of 
valuable inorganic metal forms being left in the water used in the process.  An example 
of this would be small residuals of silver nitrate from photographic emulsion processes.   
Currently, ion-exchange is the most commonly used high purity water process for 
removing trace levels of inorganic impurities from water.  Ion exchange resins are 
synthetic polymers consisting of styrene that is cross-linked with divinylbenzene.161  A 
cation exchange resin is used to remove positively charged ions from water and an anion 
exchange resin is used to remove negatively charged ions.  For cation resins, the resin is 




functional group.  Similarly, an anion resin is treated with a strong base such as sodium 
hydroxide, leaving hydroxyl ion as the functional group.   
As water is passed through the resin, the cation resin will remove cationic species 
such as sodium, potassium, magnesium, barium, and replace these in the water stream 
with hydrogen.  The anion resin will remove anionic ions such as chloride, sulfate, 
dichromate, nitrate and replace with these hydroxyl ion.  The net result is that an anionic 
and a cationic impurity have been removed from the water and replaced with OH-H.  The 
resins can be regenerated again with acid and base, removing the inorganic impurities 
from the resin and the impurities will now be in a much more concentrated form in a 
smaller volume of water. 
There are several downsides to ion-exchange.  It is a chemically energy intensive 
process due to the high use of regenerant chemicals.  These chemicals are hazardous in 
some form or another, and the regenerants are not used stoichiometrically in the 
regeneration process, typically 50-100 regenerant ions are needed to regenerate one ion 
exchange site.  Therefore large amounts of strong acid or strong base regenerant are left 
as waste products. 
In comparison, if MD were to be used for the removal of low levels of inorganic 
impurities from water it would require an energy input for fabrication, but would not 
require the use of regenerant chemicals nor would hazardous waste be produced. 
 
6.2  Experimental Section  
Two new modules, the same as those previously used were prepared.  Six compounds 
were tested in this study: sodium chloride, magnesium chloride, magnesium sulfate, 
barium chloride, silver nitrate and potassium dichromate.  Solutions of each were 
prepared in ultrapure deionized water (supplied by Mr. S. Vetrano of Graver 
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Technologies, Newark, NJ, USA).  Conductivity analysis of the feed, permeate and  
concentrate solutions were completed.  Each experiment was completed in triplicate and 
each sample was analyzed three times.  Deionized water controls were analyzed with 
each experiment. 
 
6.3  Results and Discussion 
Membrane performance was determined by two measures.  First, the ratio of the 
concentration of the chemical of interest in the final concentrate to the concentration in 















EF               (6.1) 
 
where Cc is the concentration in the concentrate stream and Cf is the concentration in the 
feedwater stream. 







cf                                (6.2) 
where Vf and Vc are the feed solution and concentrate volumes. 
Process optimization experiments for temperature, feed flow rate and sweep air 
temperature were conducted using a 10 mg L-1 NaCl solution.  Experiments where the 
feed solution temperature was varied showed maximum enrichment occurred when the 




ures.  This demonstrates the CNIM performs better with a much 
lower energy input.   
Figure 6.1.  As expected, there was a distinct temperature effect, with both EF and %SR 
increasing with temperature up to about 80ºC and then decreasing at higher temperature.  
Significantly, the CNIM had 3-4 times the amount of enrichment and volume reduction 
than did the plain membrane at all temperature points.  In fact the CNIM’s solvent 
reduction at 60ºC was 400% higher than the plain membrane’s highest reduction at 80ºC.  
Similarly the CNIM had 200% more concentrate enrichment than did the plain membrane 
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Figure 6.1 Concentrate enrichment and reduction in feed water volume as a function of  
temperature at 0.75 ml min-1. 
his highlights the greater overall 
nergy efficiency of the CNIM at lower temperatures.   
 
 
The mass transfer coefficients at different temperatures are presented in Figure 
6.2, and were found to be up to 6 times higher in the presence of the CNTs at 60°C and 
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Figure 6.2 Mass transfer coefficient (m/s-1) as a function of temperature. 
 
Results for feed solution flow rates are shown in Figure 6.3.  Optimal enrichment 
occurred at 0.75 ml min-1 feed flow rate for both membranes.  The CNIM was higher than 
the plain membrane at all flows and the CE and %RV for the CNIM at the highest flow 
were respectively about 200% and 350% higher than for the plain membrane at the 
optimal flow rate.  Again, this indicates a much lower energy requirement is needed for 











1.5 1 0.75 0.5














EF w ith CNTs
EF w ithout CNTs
SR w ith CNTs
SR w ithout CNTs
 
Figure 6.3 Concentrate enrichment and reduction in feed water volume as a function of  
flow rate at 80°C.    
 
Figure 6.4 shows the effect of flow rate on the mass transfer coefficient.  The 
profile for the unmodified membrane was much flatter than the CNIM and mass transfer 
coefficients were about 3.3 times higher for the CNIM at all flow rates.   
Several authors 162-163 have reported enhanced MD effects using sweep air across 
the membranes to help aid in the removal of condensed permeate.  Experiments were 
conducted at 20, 30 and 40ºC sweep air temperature.  Results are shown in Figure 6.5 and 
only indicate a minor improvement with increasing sweep air temperature.   
All further experiments were conducted at a feed flow of 0.75 ml min-1, a feed 
solution temperature of 80ºC and 40ºC sweep air.  For each compound, concentration and 
water reduction effects were measured at feed solutions of 10.0, 1.0 and 0.1 mg L-1, 
results are summarized in Tables 6.1 and 6.2.  For all compounds tested, the EF was 2 to 
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Figure 6.5 Sweep air temperature effects on concentrate enrichment and reduction in   
feed water volume sweep air effects, 10 mg L-1 NaCl Feed solution, 80ºC. Feed solution 











6.4  Conclusions 
The presence of CNTs in a hydrophobic membrane pore’s allowed for greater enrichment 
and solvent reduction than did membranes without CNTs.  Concentrate enrichment 
increased by up to a factor of 3 and the reduction in feed water volume increased by as 
much as 64%.  Work completed demonstrated that enhanced membrane distillation using 
CNTs allows for significantly more enrichment of trace inorganic compounds in aqueous 
streams.  The presence of CNTs likely increased enrichment and solvent reduction by  
more effective thermal conductance, lower temperature polarization and less pore 
wetting.  The low energy requirements of this process makes it an attractive alternative 
for applications to either remove toxic inorganic impurities or to recover valuable 




 Table 6.1 Enrichment Factor (EF) for Six Compounds at 10.0, 1.0 and 0.1 mg L-1 Feed Solution with Plain Membranes and 
with CNIM.  Feed flow 0.75 ml min-1, 80°C and 40°C Sweep Air 
 
EF With CNTs EF Without CNTs 














NaCl 14 16 20 6 7 10 
MgCl2 14 18 25 6 6 11 
MGSO4 13 18 25 5 9 13 
BaCl2 15 18 24 5 7 12 
AgNO3 18 21 22 6 8 13 









 Table 6.2 Solvent (%SR) for Six Compounds at 10.0, 1 and 0.1 mg L-1 Feed Solution with Plain Membranes and with CNIM.  
Feed flow 0.75 ml min-1, 80°C and 40°C Sweep Air 
%SR With CNTs % SR Without CNTs 














NaCl 83 80 85 29 36 38 
MgCl2 
86 88 85 32 34 33 
MGSO4 88 89 89 27 29 29 
BaCl2 87 88 88 27 24 25 
AgNO3 85 87 86 30 29 29 
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